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ABSTRACrJ’

I lot-prcssccl s a m p l e s  of the scmiconducting  compoun(i  ~-7mdSb3  we re  p r epa red  and

chatactcrizcd  by x-ray and micropmbc analysis. Some physical propcrlics of J3-7.n4Sb3 WCIC
ddcmind  anc~ its thcrmoclcctric  properties mcaswccl  bctwccn  mom tcmpcraturc and 650K.
lixccptim)a]ly  low thermal conductivity values WCIC mcasurccl  in the 300 to 650K tcmpcratutc
rmp, c and the mom lcmpcraturc lattice thcmal conductivity was estimated at 6.5 W cm-l K“’.
I ligh figures of merit WCIC obtainccl  bctwccn 450 and 650K and a maximum dimcnsimlcss
t}]crlnoclcctric  figure of merit 7.’1’ of about 1,3 was obtained at a tcmpcraturc of 650K,  the
highest known  at this tcmpcraturc. ‘1’hc stability of the compound was investigated by several
techniques, including tl]crl]]oglavil)~ctric  studies, which showed lhai (I1c samp]cs were stable
under  ArgoI) atmmphcrc  up to about  650K and up 10 S20K it~ dy]lamic vacuum. ‘1’hc high
tllcnnoclcctric pcrfomancc  of &YmqSb3 in lhc 300 to 650K tc]npcraturc  range fills the existing
gap ill tl)c z3’ spectrum of p-type state-of-the-art thcrmclcctric  materials bctwccn  Bi2rl’c3-
bascd alloys and PWI’c-based alloys. ‘1’his material, relatively incxpcnsivc,  could bc used in
more cfficicnt thcrmoclcctric  generators for waste heat rccovcty  and automobile industry
applicatims,  for example.



1. IN’1’I<O1)IIC”J’ION”

●
✎ ✌

A growth of commmial  applications of lhcrmoclcctric  dcvim depends primari]y on
increasing the figwc of mcril Z of tllc matclials  used in lhc dcviccs. ‘1’hc figure ofmcrit  is

defined as 2,= CX2dL where u is lhc Sccbcck cocfficicnt,  o the electrical conductivity, and L
the thcmal conductivity. listablishcci thcrmoclcchic  materials can bc divided into tbrcc
categories depending on their tcmpcmturc  range of application. IIislnuth  tcllurictc and its alloys
arc utilixc(i in rcfrigcraticm,  work arouncl mom tcmpcraturc and have a maximum operating
tcmpcraturc of about  500K. in the illtcrmccliatc tcmpcraturc ranp,c  (600 -900 K), l’brl’c-based
alloys and “1’ACJS  (’1’c-Ag-Cjc-Sb)  arc lhc most cfticicnt  materials. At the highest tcmpcraturcs
(1 000- 1300K), Si-Gc alloys arc used in power gcncratio~i dcviccs  mainly for space
applications. ‘1’hcrmoclcctric  dcviccs  arc reliable, operate unattclldcct in hostile environments
and arc also cllvir(~lllllcllta]ly  friendly but ncw more cfficicnt mafcriak shoLild bc chwc]opcct in
orclcr to cxpanct  their range of applications.

llascct on literature data and theoretical consictcrations, several Ilcw potentially hif:h
performance thcmoclcctric  materials were invcstigatccl at the .Ic1 f)ropulsicm  1,aboratory  (.ll)l,)
over the past fcw years including the skuttcruditc  class of materials [ 1]. As part of this broad
scarcll for more cfficicnt thcrmoclccl[ic  matcria]s,  wc have prepared and invcsligatcd  the
proper t ies  of the scmiconducting  compoL]ncl XndSb3. ‘1’hrcc  compounds have been well
identified in the systcm Zn-Sb: 7,nSb (iccomposing  pcritcctically  at 8 19K, 7m4Sb3 melting
congruently at  836K, ancl 7m3Sbz melting con~rucnt]y  at 839K [2,3]. l;or Ym4Sb3, three
modifications arc known:  m, (i, y-Yil~dSb3  which arc stable below 263K, bctwccn  263 ald
765K, and above 765K, rcspcctivcly.  ‘1’hc phase diagram has been rc-investigated by Mayer ct
al. [2]. fL7m4Sb3  is hexagonal rhombohcclric , space group R3C with a = 12.231 A and c ‘
12.428 ~ [2,4]. 1.OW thermal conductivity values can bc cxpcctcd bccausc  of its relatively
complex struclurc [2]. ‘lo our knowlc(tgc,  the only thermal conductivity data available in the
literature was pub]ishcd  by Spitzcr  [8] who reported a room tcmpcraturc Iatticc thcmal
col}ductivity  value of 6.5 mW cnl- 1 K“ 1 m a polycrystallinc samp]c of unknown dcnsit  y. A
fcw investigations of the electrical and thcrllloclcctric  pmpcriics of &ZndSb3 were performed
[4-6] but the results were sometimes itlconsistcnt.  Some at(cmpts were also ma(ic  t[J dope Illc
colnpound  with various ctopants [7]. “J’hc  optical properties were investigated and an optical
hatld gap of about  1.2 cV was measured [4], ill agrccmcnt with onc estimation made from high
tcmpcraturc c]cctrical mcasutcmcnts [5]. Solnc questions abou[ the stability of lhis compound
were also raiscct [4]. WC examined the thcrmoclcctric  and some other pmpcr(ics  of
polycrystal]inc samples of &2hqSb3  and ilivcstigatcd  its tcmpcraturc stability to assess its
usefulness for tbcmoclcctric  applications.

2. IHI’lCR1  M EN’I’A1 ,



Altbougb  uys(als  of ~-Zn4Sb3  were growm [4,6], it has bccm difficult to obtain  large uack-ficc
samples. ‘J’his  is ]ikclyduc  tothc  phase lral~sfol’l]lati[)l~  occurring upon cooling at 492°C.  “1’hc
y-ZnqSb3 and (]-Y, nqSb3 might have different coefficient of cxpansicm, resulting in stresses
during  the cooling and causing the crack formation. Single phase, polycrystalline  samples of ~-
7,ndSb3 were prepared. l;irst, zinc (99.9999% pure) and antimony shots (99.999% pure) in
stoichiomctric  ratio were melted in scaled quartz ampoulcs.  ‘1’hc melts were held at 1023K for
about 2110~lrsf  orllolllogclliz  atiollal  ldqLlcllcl]ccl in water. ‘1’hc resulting ingots  were groLmd in
an agate mortarand  ana]yzccl  by x-ray diffractomctry  (Xl<]]) which showcci  that the powders
were single  phase af[cr quenching. ‘1’hc powc{crs  were sieved and only grains with a siz.c of 125
pm or less were rclainccl for further processing. ‘1’hc l~~c-sylltllcsi~<c(i  powders were then hot-
prcssccl into cylimirical  samples. ‘l-he hot-pressing was conducted in graphite dies. The
samples (about 12 mm in ciiamclcr  and about 2 cm long) were crack-free and of good
mechanical strength. Microprobe analysis showed that the samp]cs were siilglc  phase after
hot-pressing. A tc)tal  of20 samples were fabrica[cd,

‘1 ‘I)c dcnsit  y of tbc samples was measured by tl~c imlncrsion  tcclmiquc using to]ucnc as the
liquid. ‘1’hc density of the hot-pressed sample was typically between 96 and 98% of the
theoretical density. Microprobe analysis of selected sanlplcs  was performed on a .IIK)I, .lXA -
’733 supcrprobe.  X 1<1) anal yscs were performed on a Sicmcns 11-500 difilactomctcr using (’h-
K1, radiation with silicon as a standarcl.  ‘1’hc thcrma] expansion coefficient was measured using
a standarcl dilatomctcr.  ‘1’hc shcat  anti longitudinal sound velocity were mcasurecl at room
[ctnl)craturc  on a  few samples  about 12 mm long using a  f requency of 5 M IIz.
‘1’hel  mogravimctric  analysis (’l’GA) were con(iucted  on a 1 lLIpont-2000 tllcij~~ogtavi~llcl.lic
nlcasurcmcnts apparatus, using argon as the purge gas.

Samples about 1 mm thick and 12 mm in diameter were cut from the hot-pressed specimens
(perpendicular to the hot-pressing direction) for tral~sport  property mcasurcmcllts.
Rcsistivity and f lall effect measurements were conducted between room temperature and
about 673K in static or dynamic vacuum. ‘1’hc rcsistivi(y  (p) was measured using tl~c vail  dcr
I’auw tcchniclue with a current of 100 mA using a special high tclnpcrature apparatus [9], ‘1’hc
I lall coefficient (1/1{) was measured in tbc same apparatus with a constant magnetic field value
of 8000 Gauss. Assuming a scat(critlg  factor of 1 in a single carrier schcmc, the carrier density
was calculated from the f lall coefficient by p = 1/1<11  c whcrcp  is the density of holes and c is
the electron charge. ‘l-he I Ian mobility (1111) was calculated from the I lall cocflicicnt  and the

rcsistivity values by p]l = R1l/p.  I’hc error was estimated at i 0,50/0 and f 20/0 for the

rcsislivi(y  ancl 1 lall coefficient measurements, rcspcctivc]y. I’hc Sccbcck coefficient (a) of the
samples was measured on the same san]plcs  used fc)r tcsistivity  and 1 ]al] coefficient
mcasurcmcnts using a high tcmpcratlllc  liglll pU]SC tcchniqllc [ ] ()]. ‘j’llc CITOI of IIlcasllrcmcilts
of tl~c Sccbcck coefficient was estimated to bc less thal~ f 10/O. “1’hc thcrillal  colldllctivity  (A) of
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ll)csamp]cs  was calculated from tbcmcasurc(l  density, heat capacity and thermal diffusivity
valum.  ‘1’hc thermal diffusivity  was measured using  a flash diffusivity  tcchniquc  [ 1 1]. ‘1’hc heal
capacity (C) was measured on several samples using a Pcrkin-1 ilmcr cliffcrcntial scanning
calorimeter under argon atmosphere and using sapphifc  as lhc rcfcrcncc  standard. ‘Jhc mass of
the samp]c was about  60 mg, and a heating rate of 5K/min was employed. ‘1’hc overall crmr in
tllc tbcmal  con(iuctivity  value was estimated at about ~ 10OA,.

3. RILSIJ1:I’S ANI) DISCUSSION

3.1. Physical propwtics

Solnc pmpcrtics of 13-Y. ndSb3 at room tcmpcraturc  arc listed in 3’able 1. ‘1’hc tl~crl~~al-cxl>a~~s~ol~
coefficient is comparable to those measured for state-of-the-art thcrmclcctric  materials 13i2Tc3
anti I]brl’c [ 12]. “1’hc  mcasurccl longitudinal (v]) and shear (1~.,) sound velocities ]istcd in ‘1’able 1
were used to calcu]atc the mean sound velocity (vn, ) using tbc following cxprcssim  [ 13]:

“’’” (ti -’:;1)”3
WC calcu]atc(i  a mean sound velocity of 2.31 x
II]C lncan sound velocity by the equation [ 13]:

(1)

($cm S-*. ‘1’hc lkbyc  tcmpcraturc is related o

H@ , 11 .311 N d “3 v
k 4p M’

I 11
(2)

where }1 and k arc the P]anck’s  and 130tl~,mann’s  constants, rcspcctivcly, N the Avogach’s
number, d tbc density, and A4’ the molccu]ar  wcigbt of the solic!.  WC calculated a I]cbyc
tcmpcraturc of 2 14K for &7m4Sb3. ‘1’hc 1 )cbyc tcmpcratllrc  for Ili2”l’c3 and Pb’1’c is 165 ancl
1 (XIK, rcspcctivcl y [14]. A Griinciscn constant of 1.446 was calculated using tlic formalism
dcvclopcd  by Slack and ‘1’souka]a [ 15],

‘1’hc results of the ‘l-GA mcasurcmcnts arc shown in l;ig . 1 whclc the weight loss of a sample
of fi-YmaSb3  is shown as a function of time and tcmpcraturc  in argon atmospllcrc.  ‘1’hc data
SIIOW that even at the highest tcmpcraturc, 673K, the samples were found to bc stable. Similar
tests conducted in static vacuum also showed that the samp]cs were stable up to the same
tclnpcraturc.  The samp]cs used for ‘1’GA cxpcrimcnts  were subsequently analyzed by
microprobe analysis and were found to bc consisting of onc single phase: [\-7maSb3. l’hc
stability of the samples was also tested by annealing salnplcs  of (3-Y, ndSb3 in scaled quartz
anipoulcs  under argon or vacuum at 673K for about 5 days. IH both cases, no significant
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changes in (11c electrical rcsistivily were found before and after the amlcals, and micmprobc
all:ilysis of the alincalcd  samp!cs showed that no dissociation was obscwcd. in order 10 fill’l}lCl”
lest tllc stability of [3-Zn4Sb3, the clcctrica] rcsistivity of several hot-pressed salnp]cs  was
measured as a function of time and at diffcrcmt  tcmpctatwcs  in dynamic vacuum using the van
cicr ]’auw mctllod.  ‘1’hc results arc shown in I;i~, 2 an(i show that no significant variation of the
electrical rcsis(ivity of the sample was obscl  vcct up to a (cmpcraturc  of about 540K. l~or
pro]ongc(i  exposures of the samJ~]cs  at higJmr  lcmJJcraturcs,  the clcctrica]  t’cslstivity of the
samJ>Jcs incrcascd  and inclusions of ihSb were found in the sanlpJc by micmprobc analysis,
likely dLIC to smnc Sb losses. SimiJar tests sJJould  bc conducted in static vacuum to confirm the
results of the t}lcrlllogravil  llctric  studies, i.e., the stability of the samJ>]cs in a static vacuum up
to about  673K.

3.2. ‘llansport  propmtics

A total of about 20 sampJcs were hot-pressed and their pmpcrtics  mcaswcd. All sampJcs had
high carrier concentration and p-t ypc conductivity with similar thcmoclcctlic  properties and
lit[lc variation in carrier conccnhatim. ‘1’hc t y p i c a l  room kmpcraturc  prol)crlics  of hot-
prcsscd ~-Zn4Sb3  arc listed in “1’able 1 I and arc characteristic of a heavily dopcci  scmiconduchr.
‘1’hc I lall mobility va]ucs arc relatively lar~c at this doping  JCVCJ but relatively low compared to
values on the order of J 000 cm2 V-] S-l reported by Ugai cl al. [5] at a dopin~  lCVCJ of 8.8 x
J 017 cm -3. 1 lowcvcr,  tJ~csc  Jargc va]ucs arc in cmltradiction  with some rcsuJts obtaincci  later hy
tl]c salnc authors [6]. ‘1’hc relative comp]cxity  of the Ym-Sb phase (iiagram makes the
preparation of single phase samp]cs difficult an(l might explain lhc discxcpancics  ill the results.
Unforlunatc]y,  no details were givcm by LJgai cl al. [5] on the mmpositiwlal anaJyscs of their
samples.

“1’ypical  tcmpcratuyc  dcpcnclcncc  of the electrical
pressed ~-ZndSb3 salnp]cs arc shown in }“ig, ~ and

rcsistiviiy and Sccbcck coefficient for hot-
l;ig. 4, rcspcctivcly.  I’hc Sccbcck coefficient

an(i electrical tcsistivity incrcasc  q) to about 62,3K WIUNC an cmsct  of mixed conduction seems
to appear, Jowcring the clcctrica]  rcsis[ivity  and Sccbcck coefficient. Mcasurcmcnts were
Iimitcd to 673K bccausc  of the transformation of 7,ndSb3  from tbc (3 [o y pbasc at higher
tclnpcraturcs ald i[ is difficult to establish the intrinsic behavior bccausc  of the mall
tcmpcraturc range where it seems to OGCUI, ‘J’hc rcsu]ts of tbc Sccbcck c o e f f i c i e n t
Incasurcmcnts  arc ill ag[”ccmcnt with tllc  results of ’] ’aJlicro C( al. [4]. A lnaxilllull”l  powcl’  factor
((Y,Z/p) of J2.5 ~1}~1  Clll-l K-? was calculated at 623K. ‘1’hc mom tcmpcraturc  Sccbcck coefficient
values arc relatively large for this eloping lCVC1. WC estimated the ho]c cffcctivc n~ass  using a
sing]c J>arabo]ic  band morlcl  with acoustic phoHon  scattering. la this model, the Sccbcck
coefficient can bc cxprcsscd  as [ 1 6]:
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Where g is the rc(lllccd

(3)

];crmi level and fl~.is a l;crmi intcgtal of ordcrx.  Using the same
formalism, the carrier mnccntration can bc cxprcsscd as:

(),)/1) , .4 2nm*krl’  3’2111,2(g)
V7( 1,2 (4)

where  HI* is the cffcctivc mass and 7’ is the tcmpcraturc in K. ‘1’hc l;crmi lCVCI  can bc
calculated from the experimental Sccbcck  cocfllcicnt  value using equation (3) and USCCI,
together with the cxpcrimcntal  1 lall carrier concentration value to calculate the cffcctivc  masses
from equation (4). Using the ciata lislcd in ‘J’able 1 I, wc calculated a ho]c cffcctivc mass of
1.447mc,  for fi-Y,ndSb3 (m~, is the free electron mass). ‘1’his is a fi~itly  Iargc cffcctivc mass and
cxplaim why the Sccbcck  cocflicicnt  value arc rathct Iargc.

‘1’hc results of’ hc heat capacity mcasutcmcnts arc shown in I:ig. 5. The beat capacity
incrcascs slightly from room tcmpcratutc up to about 650K. P’inally, l~ig. 6 shows the [hcrma]
conductivity values of fiZnASb3  bctwccn  room tcmpcraturc  and about 650K. in this
lcmpcralurc range, tbc values arc much lower than for the state-of-the-att p-type
[hcmoclcctric  materials l’b’l’c- and 13i2’1’c3-basccl  alloys as WCII as for ‘1’AGS (’1’c-Ag-Gc-Sb
alloys). l’hc room tcmpcraturc  value is about 9 lnW cm” K-l anti  dccrcascs  to about 7 nlW cnl-

1 K-] at 650K.  1.ow thermal Conductivity is onc of the most intcrcsling  feature of (3-Y, n4Sb3.
‘1’his is the lowest of all the thcrmoc]cctric  materials known until now. “1’hc thcnnal
cmnduclivity  is the sum of an c]cctronic  contribution (AC) and a ]atticc thermal conductivity

(AI,). Bccausc  our samp]cs arc relatively highly eloped, tbc electronic contribution is

substantial, g-his contribution (h,.) can bc calculated using the ~l’ic(lcl]~allt~-l;rallz,  law:

kc ‘ 1 /rl’/p

wlIcrc  1. is the
1,01’CI17 numbcl

(5)

I mrcnz number. Similarly to the I lall mcfficicnt  anti Sccbcck cocfficicnt,  the
can bc cxprcsscd  as [1 6]:

P&)- 4 F? (g)

1+ (g) (6)



‘1’hc rcducul l~cmli  lCVCI va]uc, oblaincd  fimn the cxpcrimcnla]  Sccbcck cocfl;cicnl  value using
equation(3), \vas Llsc(ltc~calc~ll  atctl~c  l,orct~z~][lll~  bcr. A,, wasthcn  calculatc(l as a function  of
tcmpcraturc usinglhc  calculatc(i l,olc~~zllllll~bcrs  and t h e  cxpcrinlcnta]  rcsistivity data. “1’hc
results arc shown in l;ig. 6. ‘1’hcroom Icmpcraturc  lattice thermal con(iuc(ivity  is about  6,5
tnW cm-l K-l. rl’l~c I>l~(Jl~o~~ l~lcallftccl>atll  (t?) can bccalculatcd  frol~ltl~c  llcbycforll~~lla:

k c)),,ien (7)

LJsirlg sol)lcty])ical  valllcsofk=  9mWc1n-1 K -], v,),= 2,31 x]05ci)l  s-l, at)d (I= 0.22 Jg-l K-1,
wc calculated a phcmon mean free path of about  4.2 ~ which is lower than fhc lattice
parameter. As Jmintcd out by loffc [17], this indicates that lhc transmission ofhcatnlaybc
dcscribccl  on the basis of lattice vibrations as “hopping” from onc atom to another as opposed
to lJmk]apJ>  proccsscs.

‘1’hc lattice thermal conductivity can bc cs{imatccl as follows [ 1 8]. “J’hc lhcorctical  lattice
thermal conductivity A’(G) at hc 1 lcbyc tcmpcraturc  is given by:

A’ (o) : ‘] ‘M ~ 02
,,?13 ?

‘ Y , (8)

wllcrc A4 is the avcrap,c  mass of an atol~l of the crystal, 6? is (I)c average volume occupicci by an

:itom, 6) is the ])cbyc tcmpcraturc,  }1 is (hc number of atoms pet’ unit CC]I, y is the Griinciscn

constant at “1’ = G), and 11 = 3.22x 107 S -3 K -3. IFor ~-7,nqSb3,  M = 89.5 g, 0 ❑ 214K, and n = 66.
‘1’hc thcmctical lattice thcmal conductivity obtained from ccluation  (8) for fLXnqSb3  is 9.7 mW
cm-l K-l a t  room tcmpcraturc. ‘1 ‘his is ill good agrccmcnl  with the cxpcrimcntal  mom
(cmpcraturc latlicc thcrma] conductivity of 6.5 mW cnl- ‘ K-l. ]n addition, the formalism
rcprcscntcd by equation (8) dots not capture some phonon  scattering mcchanislns  such as
hole-phonon scattering which might furlhcr rcducc the lat{icc thermal conductivity. “1’hc
thcmal  col}ductivity  values for [j-h~qSb3  arc typical of glass-like materials. ‘1’his is
l)rcsumab]y  CIUC  to its complex crystal structure and also to the prcscncc of some antish-ucturc
defects resulting in a highly clisordcml stmcturc. 1 lowcvcr,  glass-like materials such as
‘1’13ASSC3  have usually high electrical rcsis(ivity  [ 19] which is not dcsirab]c  to achicvc  hi~h
figures of merit. ‘I”his is not the case for fi-Y,ndSb3.  111 this conipouncl,  there is a unique
combination of low thermal conductivity and good electrical rcsistivity which make it a very
itltcrcsting  thcrmoc]cctric  material.

‘1’llc dimcmionlcss thcmoclcctric  figure of nlcrit 7,’1’ is a function of the electrical rcsistivil-y,
tl~c Sccbcck coefficient and the thermal conductivity (7,’1’ ~ CX?/pA).  ‘1’hc calculated figure of

7



merit values for typical p-type [3-Xn4Sb3  samp]cs arc shown in I;ig. 7. ‘1’his figure reveals that
there is a gal) bctwccIl  tbc low tcmpcraturc state-of-the-art tbcrmoclcclric  materials (13iz’l’c3-
bascd alloys) and the intcrmmiiatc lcmpcraturc  materials (Pb’1’c-bascci  alloys) and ‘1’AGS (rI’C-
Ag-Gc-Sb). l)-type ~-2h4Sb3 has the highest thcrmclcctric figure of merit in the 500 to 650K

tcmpcratutc  range with a maximum value of 1.3 at abou~ 650K. l’-typc ~-Zn4Sb3  fills in the
existing gap in 2.’1’ ill this tcmpcraturc  range. Although ‘1’AGS-basccJ  compositions have also a
good thcrmoclcchic figwc of merit in this tcmpcratwc range, they have been little used duc to
their high sublimation  late and low tcmpcratm”c phase transition [20]. I;urthcr Stuclics  should
aim at investigating the doping of this compounc! to produce n-type samples and also
optimiyc  the doping level. Rccausc  of the very low room tcmpcraturc  thcmal  conductivity, it
might bc possible to optimize this material for thcmoclcctric  cooling applications. lnitia]
stuclics  of the properties of 7,n4.X~dXSb3 solid solutions have also shown that higher figLH-cs of
merit might bc achicvab]c  bccausc  of the dccrcasc  of the thermal conductivity duc to an
incrcasc of phonon  scattering by point  ctcfccts  [21]. }or many appl ica t ions  using
tbcrmoclcctric  generators, (1]c cost of the material is important. ~-Zn4Sb3  is relatively
incxpcnsivc  compared to state-of-the-atl thcrmoclcctric  materials and is an cxccllcnt  candidate
for thcrmoclcctric aJ)JIJications,  parlicular]y  fol power generation.

‘1’here arc several potential applications for relatively cfficicnt thcrlnoclcclric  power generators
in this tcmpcraturc range. ‘1’hcrmoclcc[ric  generators operating on natural gas, propane or
diesel were built and used Ili2’1’c3 01 I’brl’c alloys clcpcnding  on the maximum hot side
tcmpcraturc (up to 873K) [22]. I)cspilc their relatively low cfticicncy,  these dcviccs arc USC(J
in various inct~lstl  ial applications bccausc of their high reliability, low maintcna~lcc ad long
life, in particular when considering harsl]  environments. ‘1’hc most cmnmon applications arc
for cathodic protection, data acquisition and tclccollllll~l!~icatio~~s.  More rcccntly, there has
been a growing interest for waste heat rccovcry  power generation, using various heat sources
such as the combtlstion  of solid waste, geothermal energy, power plants, and other inctus(.rial
heat-generating processes [23-25], 3hcrc is curtcntly  an important effort in .lapan to develop
larp,c scale waste beat rccovcry tllcrmocJcctric  generators using state-of-the-art materials. ];or
SUCII  systems, onc of the most important factor is cos(, and ~-Y,ndSb3  -based materials shc)uld
bc ICSS  cxpcnsivc  (and more cnvironmcnta]ly  flicndly)  than current matcl ials. Ilut perhaps the
automobile indust!-y  is the market with the most potential. 13ccausc  of tbc need for clcancr,
nlorc cfficicnt cars, car manufacturers wmldwidc arc in[crcstcd  in using the waste l}cat
gcllcratcd  by the vchiclc  exhaust to rcpJacc  or SUpplCIl~CI]t  the altcmator [26-28], Accorcling to
some car manufacturers, tbc available tcmpcratwc range would bc from 350 to 800K,  which is
matcbcd  perfectly by tbc performance of [3- h14Sb3 -based matcria]s.
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‘1’hcrmoc]qctric  properties of fL7mdSb3 were measured on hol-pressed samJ~lcs.  IixccJ>ticmallY
low tbcmal cxmductivity  was mcasutcd  and a maximum Y,’]’ value of 1.3 was achicvcd  at
650K. ‘1’hc good thcrmoclcctric  pcrforlnancc  of p-t ypc &@Sb3 fills the gap in Xl’ values
bctwccn  tbc low tcmpcraturc slate-of-the-art tbcmoclcctric  maicrials  Bi~l’c3-basccl  alloys  and
(11c in(cmcdiatc  tcmpcraturc materials l’brl’c-based alloys and ~’AGS (Tc-Ag-Gc-Sb). The
stability of the matcria] was sluclicd and it was four~cI that the thcrlnoclcclric  pmpcrlics remain
stable Lq> to 650K undcI  s[atic vacuum  ancl argon. ‘1’his material, rc]ativcly  incxJ>cnsivc,  could
bc USC(J  in thcrmoclcctric  power generators ald a brief dcscripticm of the mmcrous  potcntia]
applications was given. Iifforts should now bc cicvc]opccl  to produce n-tyJ>c  samples allcl
s(ucly the alloying of this ccnnpouncl  with other isostructural  compounds such as GJ1Sb3
which already has been identified as a promising route to achicvc even higher 7,’1’ values.
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‘J’able J: Some physical parameters of &7m~Sbj at mom temperature

‘1’able II: ‘j’]lCI’1)’1OC] CCtl’iC pl(lpC1(iCS  Of ~-y,ndSb3  at T’oom  (ClllpC121fll~C

I&tIIcs Captions

l;igurc 1:

l;i~mc 2:

l’@llc  3:

Flglllc 4:

l;igurc S:

l;igmc 6:

Weight loss as a function of time and tcmpcraturc  for a ~-XnqSb3  lmt-prcsscc{
sample unclcr Argon atmosphere and using  a healing rate of 5K/n~i]i.  No
variations arc observed uj> to 650K indicating the stability of the compound in
this ctlvitonmcnt  up to this tcmpcraturc.

Electrical rcsistivity  as a ful~cticm  of time and tcmpcralmc for a ~-ZndSb3  hot-
prcsscd  sample in dynamic vacuum (the dashccl lines correspond 10 the
electrical rcsistivity and tmpcraturc  variations for the samJ]lc  hca(cd UJ) 10
about  543K and the plain lines up to 5 13K), ‘1’hc abscncc  of sigt)ificant
variations of the clcctrica] rcsistivity  indica~cs  tbc stability of the compound up
[o about 520K in this cnvimnmcnt.

‘1’ypical  variations of the electrical rcsistivity  as a function of invusc
tcmpcralurc for ~-Z,n4Sb3 hol-pressed samp]cs.

‘1’ypical  variations of the Sccbcck  cocflicicnt  as a function of tcmpcraturc
for ~-ZndSb3  bot-pressed samp]cs.

‘1’ypical  variations of the beat caJmcity as a function of (cmpcraturc  for (l-
i’,nq Sb3 hot-J~rcssc(i  sampJcs,

‘J’yJ)ical variations of the thcmaJ  con(iuctivity  as a function of tcmJ~cratutc for
~-ZndSb3  hol-prcssc(i  samp]cs and state-of-the-al t thcnnoclcctric ~natcrials.

‘1’hc (iashcci  line tcJ>rcscnts  the calculatcci lattice thcmal conductivity for [\-
Y,nxSb3.
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l~ip,urc  7: ‘1’ypical  variations of the tllcrlnoclcctric  figure of merit Z’1’ as a function of
temperature for (i7,ndSb3 hot-pressed samples and state-of--the-art
thcrmoclcclrie  materials.
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